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Edited by Maurice MontalAbstract Na+/H+ exchangers form a broad family of trans-
porters that mediate opposing ﬂuxes of alkali metal cations
and protons across cell membranes. They play multiple roles
in diﬀerent organisms (protection from toxic cations, regula-
tion of cell volume or pH). Rat NHE2 exchanger was
expressed in a Saccharomyces cerevisiae mutant strain lacking
its own exporters of alkali metal cations. Though most of the
overexpressed NHE2 remained entrapped in the secretory
pathway, part of it reached the plasma membrane and medi-
ated K+ eﬄux from the yeast. We demonstrate for the ﬁrst
time that a mammalian Na+/H+ exchanger transports alkali
metal cations in yeast in the opposite direction than in
mammalian cells, and that the substrate speciﬁcity of the rat
NHE2 exchanger is limited only to potassium cations upon
expression in yeast cells.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Na+/H+ antiporters mediate the exchange of alkali metal
cations for protons in cellular membranes of all organisms.
The direction of this exchange depends on the electrochem-
ical gradients of ions across the membranes. According to
the organism, Na+/H+ antiporters play important roles in
various physiological processes, such as salt tolerance, trans-
cellular absorption of NaCl and NaHCO3, the regulation of
cell volume and pH, vesicle biogenesis and traﬃcking [1–4].
Based on phylogenetic analysis, Na+/H+ antiporters can be
divided into three gene families named CPA1, CPA2 and
NaT-DC, respectively [5]. The nine mammalian isoforms
(NHE1–9) identiﬁed so far all belong to the CPA2 family.
Isoforms NHE1–5 are present at the plasma membrane,
and NHE6–9 exchangers are localized in the membranes
of intracellular compartments [6]. The main function of
the plasma-membrane NHE exchangers is to regulate intra-
cellular pH and cell volume. In performing this function
they export surplus H+ out of the cell using the inward
gradient of Na+ cations created by the Na+/K+-ATPase
[7]. Whereas the NHE1 exchanger is present in most cell*Corresponding author. Fax: +420 241 06 24 88.
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doi:10.1016/j.febslet.2005.07.046types and is thought to play a housekeeping role [1], the
other plasma-membrane NHE isoforms have more
specialized distributions and functions. The NHE2 exchanger
is predominantly expressed in the epithelia of the intestinal
tract [8,9]. NHE2p is important for gastric HCl secretion
and serves for the regulation of pH in the inner segment
of the inner medullary collecting ducts of the kidney
[10,11].
The presence of several NHE isoforms in one cell often
hampers the characterization of the transport properties of
individual exchangers. This problem can be overcome by
heterologous expression in a suitable host organism. The
yeast Saccharomyces cerevisiae has already been used for
expression of the NHE1 exchanger. Unfortunately, the
exchanger did not reach the plasma membrane of the yeast
cells, it was entrapped in the endoplasmic reticulum, and the
NHE1p activity was measurable only after its isolation and
reconstitution to phosphatidyl-choline liposomes [12].
S. cerevisiae possesses three members of the CPA family.
The plasma-membrane Nha1 antiporter belongs to the
CPA1 gene family, whereas intracellular Nhx1 [13] and
Kha1 [14] antiporters are close to mammalian NHE
exchangers of the CPA2 gene family [5]. The function of
the plasma-membrane Nha1 antiporter is partially diﬀerent
from mammalian ones. It participates together with Ena1/
Pmr2 ATPase in protecting against high concentrations of
alkali metal cations by exporting them out of cells. The
eﬄux of alkali metal cations via Nha1p is driven by the
gradient of protons created by the Pma1 plasma-membrane
H+-ATPase [4,15].
In this work, we expressed the rat NHE2 exchanger in the
S. cerevisiae AB11c mutant strain lacking Ena1-4 ATPases,
Nha1 and Nhx1 antiporters. Strains with ena1-4 nha1 (and
nhx1) deletions are extremely sensitive to high external
concentrations of alkali metal cations and proved to be
excellent hosts for the expression and characterization of
antiporters from other yeast species [16] or plants [17].
The NHE2 expression in the AB11c strain resulted in a clear
growth phenotype. Cells expressing NHE2 were more
tolerant to external KCl than the control, antiporter-less
cells. Though the bulk of NHE2 exchanger occurred along
the secretory pathway, part of it reached the plasma mem-
brane and was functional as conﬁrmed by cell fractionation
and potassium-eﬄux measurements. From our results, it is
clear that rat NHE2 exchanger transports only potassium
upon expression in yeast cells, and the direction of potas-
sium-proton exchange is controlled by the protonmotive
force.ation of European Biochemical Societies.
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2.1. Yeast strain, media and growth conditions
The alkali-metal-cation sensitive S. cerevisiae AB11c strain (Mata
ena1-4Dnha1Dnhx1D [14]) used in this study was grown aerobically
at 30 C in standard YPD (to prepare competent cells for transforma-
tion) or YNB media w/o amino acids (to select and maintain transfor-
mants) with 2% glucose or 2% galactose as the carbon source and
appropriate auxotrophic supplements.
2.2. DNA manipulations
DNA manipulation, isolation of plasmids and cell transformations
were performed according to standard protocols [18,19]. DNA
sequencing was carried out using an ABI PRISM 3100 automated se-
quencer (Applied Biosystems, USA), and the Lasergene99 program
(DNASTAR Inc., USA) was used for the analysis of DNA sequences.
2.3. Plasmid construction
The cDNA of rat intestinal NHE2 exchanger was cloned either to
the multicopy pGRU1 (NCBI, Accession No. AJ249649) or centro-
meric p416 [20] plasmids and tagged at its 3 0 end with GFP. First, it
was cloned under control of the weak constitutive promoter of
ScNHA1 in pGRU1 and the resulting plasmid was designated
pNHA1NHE2GFP. To enhance and/or regulate the NHE2 expression
in yeast cells, the NHE2 encoding cDNA fragment was further cloned
behind two strong S. cerevisiae promoters, constitutive PMA1 or reg-
ulable GAL1 using PCR ampliﬁcation. pNHE2 (produced by O.
Zimmermannova, containing the NHE2 sequence in a multicopy
YEp352) was used as a template; N2SPH primer and the reverse uni-
versal primer for M13/pUC vectors were used for PCR ampliﬁcation.
The N2SPH primer introduced a unique SphI restriction site upstream
of the STOP codon (Table 1). The PCR fragment cleaved with SphI
and XbaI restriction endonucleases was introduced to the pGRU1 vec-
tor behind the PMA1 promoter in frame with the GFP. The resulting
plasmid was designated pPMA1NHE2GFP. For cloning under control
of the GAL1 promoter, GAL1–NHE2 and NHE2–GFP primers (Table
1) were used, and a PCR-ampliﬁed NHE2 sequence was introduced
using homologous recombination to the centromeric p416 containing
GAL1 promoter and GFP sequence (resulting in pGAL1NHE2GFP).
As controls, empty pGRU1 and pNHA1-985GFP encoding the
ScNha1 antiporter [21] were used.
2.4. Phenotypic tests and K+ loss from cells
The phenotypes of cells expressing the NHE2 exchanger controlled
by various promoters were estimated in drop tests on solid YNB media
supplemented with NaCl or KCl. 3 ll aliquots of 10-fold serial dilu-
tions of yeast suspensions were spotted on agar plates. Growth of cells
was recorded for 7 days. To estimate the growth of cells in liquid YNB
media with or without 800 mMKCl, the cultures were inoculated from
overnight-grown precultures to OD600  0.02 and the growth was fol-
lowed by measuring OD600 for 48 h. Potassium eﬄux was measured to
determine the NHE2p activity. Cells in the early exponential phase of
growth (OD600  0.2) were washed with cold deionized water and
resuspended in the incubation buﬀer, pH 4.5 (10 mM Tris, 0.1 mM
MgCl2 and adjusted to pH 4.5 with citric acid and Ca(OH)2) contain-
ing 20 mM RbCl2 to prevent K
+ reuptake. The aliquots were
withdrawn at regular time intervals and the K+ content in cells was
determined by atomic absorption spectrophotometry as described ear-
lier [21]. The experiments were repeated at least three times.Table 1
PCR primers used in the study
Name Sequence
Universal primer for M13/pUC vectors 5 0 AGCGGATAACAATTTCACACAGG
N2SPHa 5 0 TCATAGCATGCCTTTTCGTTGCC
GAL1–NHE2b 5 0 tacctctatactttaacgtcaag
NHE2–GFP2c 5 0 tactgttaattgctccagcacca
aSphI restriction site used for construction of pPMA1NHE2GFP is underlin
bSequence corresponding to NHE2 is shown in uppercase letters and sequenc
cSequence corresponding to NHE2 is shown in uppercase letters and sequen2.5. Fluorescence microscopy
Cells exponentially growing in liquid YNB media were observed
with a ﬂuorescence microscope Olympus BX61 with GFP ﬁlter
93CR41001. Images were acquired using a digital camera and pro-
cessed with Jasc Paint Shop Pro 7.04 (Jasc Software Inc, USA).
2.6. Equilibrium density centrifugation and immunoblot analysis
Cell lysates for fractionation were prepared as described previously
[22]. Yeast membranes were separated using equilibrium density centri-
fugation in a 20–60% sucrose gradient [23] and the contents of NHE2p
and marker proteins in fractions were analyzed by protein electropho-
resis and Western immunoblotting. Proteins were separated by PAGE
in 8% Tris–Tricine gels, transferred to the nitrocellulose membrane and
probed with monoclonal anti-GFP antibody, polyclonal antibody
against the plasma-membrane Pma1 H+-ATPase, monoclonal anti-
body against the subunit of the vacuolar Vat2 H+-ATPase or poly-
clonal antibody against the endoplasmic reticulum Sss1p marker.
Primary antibodies were detected by horseradish-peroxidase conju-
gated anti-rabbit or anti-mouse secondary antibody and the enhanced
chemiluminescence reaction was used to visualize the signal (ECL,
Amersham Bioscience, USA).3. Results
3.1. Cloning and expression of mammalian NHE2 exchanger in
yeast lacking alkali-metal-cation exporters
The NHE2 cDNA was cloned under the control of two
yeast constitutive promoters (weak NHA1 or strong PMA1)
to the yeast multicopy pGRU1, and under the control of
the strong inducible GAL1 promoter to the centromeric
p416. The NHE2 sequence was tagged on its 3 0 end with a
sequence of green ﬂuorescence protein (GFP). All constructed
plasmids together with the empty pGRU1, as a negative con-
trol, and pNHA1-985GFP, as a positive control, were trans-
formed to the salt-sensitive AB11c strain. To test the
functional expression of the NHE2 exchanger, the growth
of transformants on YNB plates supplemented with diﬀerent
concentrations of NaCl (0–350 mM) or KCl (0–900 mM) was
tested. All strains grew equally well on YNB plates without
any added salt indicating that the expression of the NHE2 ex-
changer was not toxic to cells (Fig. 1, left panel). Cells
expressing the NHE2 exchanger either from NHA1 or
PMA1 promoters were very sensitive to 250 mM NaCl as
were cells transformed with the empty vector (Fig. 1, middle
panel). It indicated that the NHE2 exchanger was either not
functional or did not recognize and transport Na+ cations.
Surprisingly, cells expressing the NHE2 exchanger were sig-
niﬁcantly more tolerant to 800 mM KCl than the negative
control (Fig. 1, right panel). The level of tolerance depended
on the level of NHE2p expression being much higher in cells
harbouring the NHE2 cDNA behind a strong promoter than
in cells expressing the NHE2p from a weak promoter (Fig. 1,A 3 0
AAGGCGG 3 0
gagaaaaaactataatgGTTGGGCTTCTACTAGGTGG 3 0
gcaccagcacctgctccTGGCTTTTCGTTGCCAAGGCGGCCTTTCCT 3 0
ed.
e corresponding to the end of the GAL1 promoter in lowercase letters.
ce corresponding to the beginning of the GFP in lowercase letters.
Fig. 3. Loss of K+ from AB11c cells expressing NHE2 exchanger in
120 min. Cells from the exponential phase of growth were harvested,
washed with cold deionized water, resuspended in the incubation
buﬀer, pH 4.5, and the potassium eﬄux was measured according to
[21]. Cells expressed the NHE2 exchanger from NHA1 (light gray
column) or PMA1 (dark gray column) promoters. Cells transformed
with an empty vector (white column) and cells expressing ScNha1
antiporter (black column) were used as controls. Error bars represent
±S.E.M.
Fig. 1. Expression of the rat NHE2 exchanger from the PMA1
promoter increases the AB11c cell tolerance of high KCl external
concentrations. Tenfold serial dilutions of yeast suspensions were
spotted on YNB plates supplemented with NaCl or KCl as indicated.
Cells expressing NHE2 either from NHA1 (pNHA1NHE2GFP) or
PMA1 (pPMA1NHE2GFP) promoters were tested; cells transformed
with an empty vector (pGRU1) and cells expressing their own Nha1
antiporter (pNHA1-985GFP) were used as negative and positive
controls, respectively.
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eﬀect on the phenotype, as similar increase in KCl tolerance
was observed for cells expressing non-tagged NHE2 proteins
(not shown). A pronounced increase in tolerance to potas-
sium was also detected for cells expressing the NHE2 exchan-
ger from the inducible GAL1 promoter upon galactose
induction (not shown). This was the ﬁrst evidence that the
NHE2 exchanger is functional in yeast, recognizes K+ cations
as its substrate, and mediates potassium eﬄux from cells. The
level of KCl tolerance mediated by the NHE2 exchanger was
lower compared to the yeasts own Nha1 antiporter (Fig. 1,
right panel). As both proteins were expressed in the same
conditions the observed diﬀerence could be due to either dif-
ferent protein stability, reduced NHE2 functionality, or a
lower ability of NHE2 to exchange alkali metal cations for
protons in the opposite direction than it does usually in
mammalian cells.
To characterize the growth andKCl tolerance of cells express-
ing the NHE2 exchanger in detail, growth tests in liquid media
were performed. No diﬀerences in the growth rates were ob-
served in liquid YNB media without any potassium added
(Fig. 2A). The presence of 800 mM KCl changed the growth
rates signiﬁcantly (Fig. 2B). Cells containing the empty vector
as a negative control (ﬁlled circles) or expressing NHE2 from
the weak NHA1 promoter (empty squares) hardly grew at all.
Cells transformed with the vector expressing the NHE2 exchan-
ger from the strong PMA1 promoter (ﬁlled squares) gained the
ability to grow, though more slowly than cells with their ownFig. 2. Overexpression of NHE2 improves the growth of AB11c strain in the
and pNHA1-985GFP as a positive (s) control. NHE2 exchanger was expresse
of cells in YNB media without salts (A) or supplemented with 800 mM KClNha1 antiporter (empty circles). These results conﬁrmed the
observation fromdrop tests that theNHE2 exchanger expressed
froma strong promoter is functional inS. cerevisiae. However, it
remained unclear whether it is active in the plasma membrane
and mediates the cation eﬄux or whether it is restricted to an
intracellular compartment (e.g., vacuole) and transports potas-
sium from cytosol to the organelle lumen.
3.2. Potassium eﬄux from cells expressing NHE2 exchanger
To conﬁrm the NHE2ps ability to transport potassium out
of yeast cells, the K+ eﬄux was measured. Yeast cells tend to
accumulate K+ cations at high concentrations (200–300 mM
[24]) and thus it is not necessary to preload them with potas-
sium prior the transport experiment. In the strains tested, thepresence of KCl. Cells were transformed with pGRU1 as a negative (d)
d from either NHA1 (h) or PMA1 promoter (j), respectively. Growth
(B) was monitored by measuring the OD600 for 48 h.
Fig. 5. Subcellular distribution of NHE2p in the AB11c strain.
Exponentially growing, galactose-induced AB11c cells expressing
NHE2 exchanger from the GAL1 promoter were harvested, broken
and fractionated on equilibrium sucrose density gradients. Aliquots
from individual fractions were analyzed by Western immunoblotting
for NHE2–GFPp (A); Pma1p, plasma-membrane marker (B); Vat2p,
vacuolar membrane marker (C); and Sss1p, endoplasmic reticulum
marker (D).
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658.7 ± 26.7 nmol/mg dry weight. Fig. 3 shows the amount
of K+ lost from cells in 120 min. Whereas almost no K+ was
liberated from AB11c cells with the empty vector (white
column, negative control), the loss of K+ cations from cells
expressing Nha1 antiporter (black column, positive control)
reached almost 40% of the initial K+ concentration, i.e., the
K+ eﬄux mediated by this antiporter was very eﬃcient. Cells
expressing the NHE2 exchanger mediated slow but signiﬁcant
eﬄux of K+ cations. The eﬄux was higher in cells expressing
the NHE2 exchanger from the strong PMA1 promoter (dark
gray column) compared to those expressing less NHE2
protein. The measurements of K+ eﬄux conﬁrmed the obser-
vation from growth tests and drop tests that the rat NHE2
exchanger is partially functional and provides yeast cells
with a KCl tolerance by exporting surplus potassium to the
environment.
3.3. Localization of the NHE2 protein
The localization of NHE2p in yeast cells was analyzed using
ﬂuorescence microscopy, cell fractionation and immunoblot-
ting. To ensure the high ﬂuorescence signal in cells, exponen-
tially growing cells (YNB medium with 2% galactose)
expressing the NHE2 exchanger from the strong GAL1 pro-
moter were observed. The GFP ﬂuorescence was localized
predominantly inside the cell around the nucleus and plasma
membrane (Fig. 4). This is typical for proteins localized to
the endoplasmic reticulum (e.g. [25]). It was not possible to dis-
tinguish under our conditions of ﬂuorescence microscopy
whether the protein was also localized in the plasma mem-
brane. Results from the growth tests and K+-eﬄux measure-
ments indicated that at least a part of the expressed NHE2
exchanger should be present and functional in the plasma
membrane. To verify this we performed a cell fractionation
assay. Western blot analysis of 14 fractions obtained from
the density gradient (Fig. 5) showed that NHE2p was localized
predominantly along the secretory pathway, as was observed
under the ﬂuorescence microscope (Fig. 4). On the other hand,
the NHE2p distribution in fractions did not perfectly ﬁt the
pattern of the ER and vacuole markers, respectively, but fol-
lowed the pattern of the plasma-membrane marker Pma1p,
and part of it reached the plasma membrane (Fig. 5, fraction
14). This portion of the protein was probably responsible for
the observed eﬄux of K+ cations.Fig. 4. Localization of the NHE2 exchanger expressed from the GAL1
promoter in AB11c cells. Exponentially growing, galactose-induced
cells were harvested, concentrated by centrifugation and immediately
observed by ﬂuorescence microscopy (A) or the Nomarski contrast
(B).4. Discussion
In this work, rat NHE2 exchanger was expressed in the salt-
sensitive AB11c S. cerevisiae strain. We examined both
NHE2p localization in yeast cells and its functionality. The
localization of NHE2–GFPp in yeast was assessed by two dif-
ferent techniques. The ﬂuorescence microscopy showed that
the protein is localized mostly intracellulary in the organelles
of the secretory pathway (especially the endoplasmic reticu-
lum). The fractionation of cell membranes allowed us to locate
NHE2p more precisely and unravel the NHE2p presence in the
plasma membrane. The amount of NHE2p in fractions of
intracellular membranes represents not only the entrapped
protein steered for the degradation but also the protein on
way to the plasma membrane. This is well documented by sim-
ilar distribution of Pma1p, which is a very stable protein with a
half-life of approximately 11 h [26]. Thus the presence of
Pma1p in fractions of intracellular membranes represents pri-
marily the newly synthesized protein heading for the plasma
membrane. Similar distribution of plasma-membrane proteins
in sucrose gradient has been observed also for other yeast (e.g.,
Fur4p [22]) or heterologously expressed (e.g., MCT1p from rat
[27]) transporters.
The expression of NHE2 from strong yeast promoters
(PMA1 or GAL1) led to higher cell tolerance to K+ cations
(Figs. 1 and 2) and it was conﬁrmed that the heterologously ex-
pressed NHE2 exchanger mediated K+ eﬄux (Fig. 3). The
direction of transport via the NHE2 exchanger in yeast was
the same as the transport mediated by the yeasts own Nha1
antiporter (i.e., the export of alkali metal cations to the envi-
ronment driven by the proton gradient created by the H+-
ATPase). This is evident mainly in drop tests (cf. Fig. 1) where
the cells expressing NHE2 are able to grow in the presence of
800 mM KCl. In this condition, the intracellular physiological
concentration of K+ should be much lower (approx. 300 mM)
but surplus potassium cations enter, and only cells expressing a
transporter mediating the eﬄux of K+ against its concentra-
tion gradient can survive. The situation in yeast is opposite
to the NHE function in mammals where these exchangers serve
speciﬁcally for the regulation of cellular pH and volume by
exporting H+ and importing alkali metal cations [7]. On the
other hand, it was shown in lymphocytes [28], and conﬁrmed
by heterologous expression of three NHE isoforms in PS120
cells (a cell line without Na+/H+ exchangers) [29], that NHE
H. Flegelova, H. Sychrova / FEBS Letters 579 (2005) 4733–4738 4737exchangers are able to reverse the direction of cation transport
according to the direction of H+ and Na+ gradients across the
membrane [29,30]. The diﬀerence in orientation of alkali-me-
tal-cation and proton gradients in yeast and mammals could
therefore be the explanation for the reverse mode of NHE2
transport activity in yeast.
The other disparity of the NHE2 exchanger activity in yeast is
the ability to transport only K+ cations. NHE exchangers local-
ized in the plasma membranes of mammalian cells are believed
to transport Na+, Li+ and NHþ4 cations but not K
+ cations [1].
But it was shown that the activity and substrate speciﬁcity of
many transporters (including Na+/H+ antiporters) can be inﬂu-
enced bymembrane lipid composition [5,31–37]. This could also
be the case with the NHE2 exchanger expressed in S. cerevisiae.
It would be interesting to discover the factors that inﬂuence the
NHE2p substrate speciﬁcity in yeast cells.
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